Innovations in nanostructuring of inorganic crystalline solids are often limited by prerequisite critical nucleation energy and solute supersaturation for formation of a phase. This research provides direct evidence supporting the viability of an unconventional irradiation-induced nanostructuring process, via transmission electron microscopy, that circumvents these preconditions. Using polymorphic silicon carbide (SiC) as a prototype, a surprising two-step nucleation route is demonstrated through which nanoscale distribution of the second phase is achieved by reaction of solutes with neutron irradiationinduced precursors. In the first step, nanoscale α-SiC precipitates in a β-SiC matrix unexpectedly nucleate heterogeneously at structural defects. This occurs at significantly lower temperatures compared with the usual β→α transition temperature. Subsequently, α-SiC precipitate acts as a surrogate template for its structural and compositional transition into a fission product precipitate, palladium silicide. These discoveries provide a modern view of irradiation engineering in polymorphic ceramics for advanced applications.
Results and Discussion
Transmission electron microscopy (TEM) of unirradiated SiC layer of TRISO fuel in Fig. 1(a) shows the presence of stacking faults but no apparent dislocation loops or precipitates are observed. TEM was consistently carried out here along the <011> direction of β-SiC as shown in the inset in Fig. 1(b) . Irradiation-induced voids 25 about 2-4 nm in diameter are visible in a scanning transmission electron microscopy (STEM) image in Fig. 1(b) . Apart from these voids, polygonal-shaped precipitates with edge lengths of about 20-30 nm are mostly observed on Frank loops on {111} planes. The approximate volume fraction of these precipitates is less than one percent of the entire grain of β-SiC under study. Although these precipitates have similar size and morphology, some of them appear to possess strong mass contrast as shown in Fig. 1(c) . Their chemical identities are revealed by the energy dispersive spectroscopy (EDS) analysis in TEM. While the precipitate indicated by the blue box in Fig. 1(d) did not contain any element other than Si and C, a significant amount of Pd (a fission product) was found along with Si and C in the precipitate indicated by the red box. The presence of a fission product other than Pd in these precipitates was not observed in this study, but the possibility of Pd-assisted transport of other elements cannot be ruled out 26 .
The structural analysis by high resolution (HR) TEM imaging further unveils the identities of these precipitates. Figure 2 (a) shows a precipitate of Si and C only, with an average edge length of nearly 15 nm, in the β-SiC matrix at the edge of a Frank loop. While the fast Fourier transforms (FFT) of the matrix show only the principal reflections of the cubic β-SiC phase, the FFT of the precipitate corresponds to the 6 H variant of the α-SiC phase. The expected orientation relation between α-SiC and β-SiC, which is {111}β || {0001}α, is observed, since the lattice plane spacing d (111) of β-SiC and d 0006 of 6 H α-SiC are both 0.25 nm 27 . The usual transformation of β-SiC into α-SiC takes place at 2,000 °C or higher 27 . The presence of the α variant of SiC has been observed to nucleate at an irradiation temperature of 1,000-1,200 °C, which is nearly 50 percent lower than the transformation temperature 28 . This unusual behavior can be attributed to accelerated diffusion in Si and C that facilitates reconstructive transformation of β-SiC into α-SiC heterogeneously at linear and planar defects 28 . The structural defect assisted reconstructive transformation is expected to lower the nucleation energy barrier associated with α-SiC formation. Figures S1 and S2 shows the same transformation in SiC subjected to different experimental conditions. Similarly, HRTEM of another polygonal precipitate at a Frank loop is shown in Fig. 2(b) . The FFT corresponding to the polygonal structure shows the superlattice diffraction spots, apart from the principal β-SiC spots, corresponding to a primitive L1 2 cubic structure. It has been reported that Pd can react with Si within SiC to form ordered L1 2 Pd 3 Si-type structures (space group Pnma) 21 . There are many other possibilities for structure and stoichiometry 21, 29 . Previously, similar intergranular precipitates have been observed, but their structural identification has not been done 26 . Graphite, the byproduct of this solid state reaction, was not observed in this microscopic investigation.
Unlike the isolated α-SiC and Pd-rich precipitates presented in Figs 1 and 2, an interesting feature in Fig. 3 (a) is a nanoscale region that resides in β-SiC and has varied contrast within its own periphery. The image not only shows the contrast in mass of the two regions confined in a hexagonal periphery, but also the appearance of different crystallography. This precipitate appears to be isolated from any structural defects from the two-dimensional perspective of TEM, but the possibility of a defect out of the TEM foil cannot be denied. The linear chemical analysis along Line 1-2, normal to the phase transition front shown in Fig. 3(b) , indicates that only the brighter region in the STEM image is chemically rich with Pd. A different region of β-SiC in Fig. 3 (c) captures all three kinds of precipitates encountered in this study. In the magnified image of the semi-transformed region, indicated by the green box, it clearly appears that the Pd and α-SiC regions are associated with two Frank loops terminating in opposite directions. From this evidence, it appears that the diffusional transformation of α-SiC into Pd 3 Si is aided by the intragranular transport of Pd via linear or planar defects. However, there is possibility of Pd transport in the bulk β-SiC matrix 20, 26 . These results lead to the intriguing puzzle of why Pd reacts with the α variant of SiC only. Interestingly, the presence of nanoscale α-SiC variant avails the readiness of Pd reaction with SiC as compared with that with a single phase, β-SiC 24 . It can be extrapolated that α-SiC precipitates potentially accelerated the Pd silicide formation. It is probably energetically expensive for Pd silicide to create new semi-coherent or incoherent interfaces with the β-SiC phase, together with the fact that it has a lower chemical affinity with β-SiC. This allows Pd 3 Si precipitates to be metamorphosed upon the surrogate α-SiC phase without movement of any phase boundary. Hence, this process uniquely circumvents the nucleation barrier by adopting the morphology of parent α-SiC rather than creating new interfaces with β-SiC. Also, the accelerated solute diffusion along structural defects does not require a conventional solute supersaturation for second phase precipitation. Though only one type of Pd silicide was found here, there is the possibility of formation of other types depending upon the processing conditions 21, 29 .
The structural analysis of such a semi-transformed region in β-SiC is shown in Fig. 4 . A comparison of neutron irradiated TRISO fuel with out-of-pile experiments, as reported by van Rooyen et al. 30 , suggests that the out of pile experiments do not simulate the relevant diffusion coefficient of fission products in SiC. Although Pd silicide formation in SiC has also been observed in other type of irradiations such as swift heavy ions (SHI) 29 , there is no microscopy data available that can ensure the applicability of SHI to induce such nanostructuring in polymorphic ceramics. The comparison of microstructure under neutron and proton irradiation reports that proton irradiation can likely reproduce the microstructure evolution of neutron irradiation since the average size and number density of dislocation loops and voids are similar 31 . Hence, similar nanostructuring remains a possibility in various polymorphic ceramics such as ZrO 2 32 and ZrC 33 by various irradiation sources.
In conclusion, the present study reports a heterogeneous nucleation process in a simple polymorphic crystalline solid that involves two discrete reconstructive and diffusive transformations in a sequence. The phase formed upon the irradiation-induced reconstructive transformation subsequently acts as a surrogate phase and facilitates its reaction with a fission product that is transported in the microstructure via linear and planar defects. The fission product precipitates adopt the exact morphology of the parent phase without movement of any phase boundary and bypass the activation energy otherwise required for its nucleation. These exemplary results 
Methods
TRISO coated nuclear fuel was fabricated under standard conditions and subjected to irradiation under the AGR-1 and AGR-2 experimental programs in the Advanced Test Reactor at Idaho National Laboratory. The irradiation conditions for these two programs are reported in Table 1 . Samples for TEM were prepared by a dual-beam Quanta 3D focused ion beam instrument. STEM and conventional TEM analysis were conducted on an FEI Tecnai F30 microscope operated at 300 kV. STEM images were obtained using different camera focal lengths, ranging from 80 mm to 4.5 m, for better visualization of nanoscale features in β-SiC. Chemical analyses on TEM samples were carried out using the EDAX TM energy dispersive spectroscopy (EDS) system. Gatan Digital micrograph and TIA TM (TEM imaging and analysis) software were used for post-processing of TEM data. The simulations of diffraction patterns were carried out using JEMS TM software. Data availability statement. The datasets generated during the current study are available from the corresponding author on reasonable request.
